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Preface 


This  thesis  Is  the  second  In  a series  of  theses  >dilch  study  the  route 
by  whldi  organo-nltrogen  compounds  ultimately  form  NO^  pollutants.  Since 
petroleum  based  fuels  are  getting  more  sc6u:ce  and  expensive,  fuels  derived 
from  shale  oil  and  coal  look  very  promising.  If  the  reaction  mechanism  for 
the  NO^  pollutant  formation  can  be  xxnderstood,  the  effects  of  the  Inherently 
hi^  nitrogen  content  of  these  alternate  fuels  may  be  reduced  or  eliminated. 

Ihe  analysis  of  the  pyrolytic  decomposition  of  monomethylamlne  was 
performed  using  Infrared  emission  and  shock  tube  techniques.  The  activation 
energies  auid  frequency  factors  for  the  decomposition  of  monomethylamlne  and 
the  formation  of  ammonia  were  determined.  Several  models  for  the  reaction 
have  been  proposed  and  a determination  of  a most  probable  mechanism  wets 
possible . 

I feel  very  privileged  to  have  worked  in  this  particular  area  of  re- 
search. It  has  encompassed  electronics,  gas  dynamics,  engineering  physics, 
chemical  kinetics,  computers,  and  photography,  ajid  has  contributed  greatly 
to  the  broadening  of  my  engineering  background. 

I want  to  express  my  deep  appreciation  for  my  thesis  advisor  and 
Instructor,  Dr,  Elrnest  A,  Dorko,  without  vdiose  patience,  knowledge,  and 
guidance  this  resear di  would  not  have  been  completed,  I wish  to  thank 
the  following  people  for  their  help  on  my  thesis:  John  Parks  and  Leroy 
Cannon  of  AFIT  for  their  technical  asslstfuice  in  maintaining  the  shock  tube 
equipment;  William  Baker  of  APIT  vdxo  kept  me  well  stocked  with  film  and 
other  essential  supplies;  Carl  Shortt  of  the  AFIT  shop  for  the  excellent 
machining  8md  parts  fabrication.  I would  also  like  to  thank  Drs.  George 
John  and  William  Elrod  and  Capt.  Tom  Rosford  who  served  on  my  thesis  com- 
mittee and  provided  useful  guidance  and  criticism. 
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Abstract 


The  pyrolytic  decomposition  of  monomethylamine  was  studied  as  a 
first  step  toward  modeling  the  route  by  whidi  IIO^  pollutants  are  formed 
from  nitrogen  rich  compounds  such  as  coal  emd  shale  oil.  The  decomposition 
of  dilute  mixtures  of  monomethylamine  in  argon  was  accomplished  using 
shock  tube  techniques i Kinetic  measurements  for  the  decomposition  occur- 
ring behind  the  reflected  shook  were  made  by  means  of  infrared  measurements. 
Emissions  at  3*375 due  to  monomethylamine  and  2,886^m  due  to  ammonia 
were  observed.  The  total  gas  concentration  behind  the  reflected  shock 
r2uiged  from  15*32  -to  114.7  micromoles/cc.  The  temperature  range  was 
1275  to  2400  °K  and  the  total  pressure  ranged  from  1 to  10  atmosiheres. 

The  values  for  the  Arrhenius  parameters  for  the  decomposition  of  monomethyl- 
amlne  and  the  formation  of  ammonia  were  determined  using  a least  squares 
analysis.  The  hi^  pressure  Arrhenius  expression  for  tlie  decomposition  is 

k = It  was  discovered  that  the  rate  of  ammonia  formation 

was  one^ialf  the  rate  of  monomethylamine  decomposition.  The  most  probable 
reaction  medianlsm  was  determined  to  be  C-N  bond  scissure  followed  by  a 
radical  chain  to  produce  ammonia,  methane,  hydrogen  cyanide,  and  hydrogen. 
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FURTHER  SHOCK  TUBE  KINETIC  STUDIES 
OF  MDNO^ETHYIAKINE 

I,  Introduction 

Background 

The  continued  depletion  of  petroleum-based  fuels  makes  the  consider- 
ation of  useable  alternate  fuels,  such  as  those  from  coal  and  shale  oil, 
necessary.  One  of  several  problems  encountered  with  these  fuels  is  their 
very  hi^  content  of  organo-nitrogen  compounds,  typically  0.3  to  2^  by 
wei^t  (Ref  19s 3)  compared  to  less  than  0,01/?  for  petroleum-based  fuels 
(Ref  6:32),  During  combustion  these  compounds  produce  excessive  ajuounts 
of  NO^  pollutauits,  140^  more  than  petroleum-based  fuels  (Ref  11; 5)*  Ihe 
symbol  NO^  is  used  to  designate  the  three  nitrogen  oxides;  NO,  NOg,  and 
NgO^,  which  are  usually  formed  during  combustion  (Ref  2,3).  These  NO^ 
pollutajits,  when  emitted  from  aircraft  gas  turbines,  will  eventually 
participate  in  smog  formation  in  the  lower  atmosphere  and  could  possibly 
have  detrimental  effects  on  the  stratospheric  ozone  layer  (Ref  3)* 

As  a direct  result  of  the  Climatic  Impact  Assessment  Program  (CIAP), 
the  Department  of  Trauisportatlon  has  recommended  that  accelerated 
combustion  research  efforts  aimed  at  substantial  reductions  in  aircraft 
NO^  emissions  be  undertaken.  Since  it  is  projected  that  JP4  and  JET  A 
fuels  will  be  obtained  from  coal  ajid  shale  oil  in  the  near  future 
(Ref  3)1  the  Air  Force  is  also  Interested  in  reducing  the  pollutants 
formed  by  their  combustion. 

Because  the  physical  amd  chemical  phenomena  that  govern  the  formation 
and  emission  of  aircraft  gas  turbine  pollutants  are  complex  and  not  well 
understood,  the  scientific  base  from  which  firm  conclusions  and  problem 
approaches  mlgiit  be  drawn  is  insufficient  to  support  future  efforts  to 


reduce  such  pollutauits.  It  is  therefore  necessary  to  first  understand 
the  reaction  meohauiisms  by  vfhich  organo-nitrogen  compounds  form  KO^ 
pollutants,  called  fuel  Ihen,  once  these  reaction  mechajiisms  are 

determined,  the  pollutant -forming  step(s)  may  be  eliminated  or  slowed 
down. 

It  has  been  known  for  some  time  that  the  fixation  of  atmospheric 
nitrogen  is  the  chief  source  of  NO^  pollutants  from  combustion  of 
petroleum-based  fuels.  Ihis  reaction  is  believed  to  proceed  according 
to  the  Zeldovich  mechajiism,  which  is  as  follows; 

O2  + M * 20  + M 
0 + Ng  - NO  + N 
N + Og  - NO  + 0 

It  is  also  known  that  the  formation  of  thermal  NO  by  this  mechanism 

X 

can  be  suppressed  by  operating  at  low  temperatures.  However,  the 
reactions  which  lead  to  fuel  NO^  pollutants  from  organo-nitrogen 
compounds  occur  much  more  readily  at  combustion  temperatures.  This 
knowledge  has  prompted  the  study  of  the  mechanistic  route  by  which 
a model  orgauio-nltrogen  compound  ultimately  forms  HO^.  The  compound 
chosen  as  a suitable  model  is  monomethylamine  (KMA)  (Ref  14). 

Resear di  Qb.jectives 

This  thesis  presents  a further  shock  tube  kinetic  study  of  the 
decomposition  of  monomethylamine  in  argon,  which  is  the  first  step 
towards  modeling  the  route  by  vrtiich  organo-nitrogen  compounds  form  NO^ 
pollutants.  The  reaction  was  studied  throu^  the  use  of  infrared  emission 
detection  2uid  proven  shock  tube  techniques  (Ref  9).  The  Arrhenius 
parameters  for  the  decomposition  of  MIA  and  the  formation  of  ammonia  at 
several  different  total  gas  concentrations  were  to  be  calculated.  The 
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II . Theory 


Kinetics  and  Mechanism 


A unimolecular  reaction  can  he  represented  by  the  elementary  equation 

A -►  Products  (l) 

ajid  the  rate  of  disappeaurance  of  A is 

-^A>  k[A]  (2) 

dt 

which  is  a 1 order  reaction  in  A.  Separation  of  variables  and  integra- 


tion yields 


& 


whidi  means  that  in  a 1®  order  reaction  the  concentration  of  Ca3  decreases 
exponentially  with  time. 

Before  a unimolecular  reaction  can  take  place,  the  reacting  molecule 
must  acquire  sufficient  energy  to  cause  the  reaction  to  occur.  For  a 
thermal  reaction,  the  energy  is  acquired  throu^  molecular  collisions. 
Lindemann  made  the  original  suggestion  that  a unimolecular  reaction  could 
take  place  under  the  influence  of  collisions,  and  Hinshelwood  showed  that 
the  energy  stored  by  a molecule  was  a function  of  the  internal  degrees  of 
freedom  (Ref  16;20),  The  basic  Hinshelwood-Lindemann  equations  are 


A + M -i  A*  + M 


A*  + M -ii.  A + M 
k 

A*  -S-B 

idiere  A is  the  reactant.  A*  is  the  excited  molecule,  B is  the  product, 

M is  either  reactant  or  an  added  inert  gas,  and  k , k. , and  k are  the 

a a e 

rate  constaints  (Ref  21:119)  for  activation,  deactivation,  and  reaction 
respectively. 


4 


TOie  Hinshelwood  modification  to  the  Lindenann  theory  showed  that 
there  was  a delay  between  activation  and  reaction  to  form  products,  Ihe 
energy  must  be  redistributed  among  the  vibrational  degrees  of  freedom 
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before  enou^  energy  is  placed  into  one  or  at  most  a few  vibrational 
modes  to  cause  reaction.  This  time  delay  permits  the  deactivation  of 
the  energized  molecule  to  take  place,  Sq  (5)  (Ref  l6t20). 

By  use  of  the  steady  state  approximation  for  A*  (Ref  21:19),  the  rate 
of  disappearance  of  A becomes 


k k [aXI'G 

‘ ' ’■uniW 


(.7) 


k k Lh] 

where  k^^,*  r i-^  r-  ; ',  and  is  the  experimental  1 order  rate  constant. 

These  equations  show  that  k^^^  is  a function  of  [k3  and  will  therefore  be 

a function  of  the  total  pressure.  There  are  two  limiting  cases  whidi 

permit  simpler  expressions  for  k^j^. 

In  the  hi^  pressure  limit,  k.D'0»R  * and 

d e 

k k 

k = ^ = v 

uni  k, 
d 

euid  the  rate  equation  then  becomes 


-^A]  = HoCa] 
dt 


(8) 


(9) 


.st 


which  is  1 order  in  A and  independent  of  the  total  pressure.  This  rate 
of  reaction  is  so  low  compared  with  deactivation,  that  the  equilibrium 


A*' 


ftactlon  of  = -jp  is  maintained.  The  rate  constant,  k^  , is  there- 
fore the  product  of  the  rate  for  spontaneous  decomposition  and  the  fraction 


(10) 


In  the  low  pressure  limit , k » k .[^tQ , and 

0 U 

k . = k Lm] 

uni  a*"  *' 

and  the  rate  equation  becomes 

-^A]  = k [aIjG  (11) 

dt  ^ 

st 

which  is  1 order  in  A and  linearly  dependent  on  the  total  pressure.  Ihe 
above  two  limitin{j  cases  determine  that  the  power  dependence  of  k^^^  on 
Cm3  will  be  between  0 and  1, 

Konomethylajnine , was  chosen  for  study  because  it  and  the 

initially  assumed  products  have  at  least  one  distinct  and  non-overlapping 
infrared  spectral  region,  m is  a stable,  readily  available,  gaseous 
amine,  zuialogous  to  ethane,  which  is  a hydrocarbon  whose  combustion  has 
been  previously  studied. 

Three  distinct  decomposition  reaction  mechanisms  may  be  reasonably 
postulated  for  the  decomposition.  It  should  be  noted  that' the  first  step 
in  the  three  different  postulated  reactions  is  a uniraolecular  decomposition, 
however,  the  reaction  pathway  is  significantly  different  in  each  case  (Pig  l) 
After  the  first  step,  there  are  substantial  differences  in  the  subsequent 
reaction  steps  euid  in  the  products  vdiidi  are  formed. 


CH^  + NH^ 


CH2=NH  + 


CHg  + NH^ 


j?^ig  !•  Uniraolecular  Decomposition  Mechanisms 


In  initial  studies  by  Hidalm,  Saito,  and  Yanamura  (Ref  12),  they 
postulated  sclssure  of  the  C3I  bond  to  form  the  methyl  and  amide  radicals 
followed  by  a radical  chain  reaction.  The  meciianlsm  postulated  is  eis 
follows: 


CH^MHg  - CH^  + NH2 

(12) 

- CpJig  + MH 

CH-  + GH-Kiip  ° ^ 

(13) 

^ GH^  + CHgKHg 

(13a) 

NH2  + CHym2  - GH^  + 

(14) 

2CH3  - 

(15) 

Application  of  the  steady  state  approximation  to  the  rate  eq^uations  for 

and  DJHgD,  yielded  the  following  rate  expression  for  the  disappearance 

of  MTIA 


1. 

This  expression  indicates  a 3/2  order  power  dependence  of  the  reaction  on 
monomethylamine  concentration. 

The  CM  bond  scissure  may  also  be  considered  analogous  to  the  uni- 
molecular  bond  scissure  of  ethane  followed  by  a radical  chain  mechanism. 

A recent  single-pulse  shock  tube  study  in  conjunction  with  vapor  phase 
diromatobraphy  (Ref  4)  details  the  decomposition  of  ethane.  The  data 
of  this  report  correlates  well  with  the  assumption  of  unimolecular 
reaction  kinetics  for  the  initial  step.  A similar  reaction  sequence 
for  WlA  (Appendix  A)  would  proceed  as  follows: 
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CHyiHg  - GH^  + NHg 

CH^  + 

CSIgITKg  - CH2=!:H  + H 
H + GHyJHg  - Hg  + CHgNHg 
H + CH3  « 

3y  use  of  the  steady  state  approximation  the  rate  expression  for  the 
disappear ajice  of  VS'A  is 


(le) 

(19) 

(20) 

(21) 

(22) 


st  nd. 

idiidi  is  a combination  of  l“  and  2“  order  reactions  with  respect  to  M-IA. 

The  final  CN  bond  scissure  reaction  (Appendix  B)  to  be  postulated  is 
as  follows: 


CH3NH2 

- + NH2 

(2^) 

+ ch^nh2 

- ® 

(25) 

CRj  + OT2^^2 

- + ffi2=NH 

(26) 

NHo  + OTJJH, 

32 

- NH^  + ®2™2 

(27) 

NH2  + CH2HH2 

- NH^  + ^2=™ 

(28) 

CM2=NH  - Hg  + HC3J  (29) 


Also  by  use  of  the  steady  state  approximation,  the  rate  expression  for  the 
disappearance  of  IQIA  is 

-^CW^lIHg]  = 2k^[GHyiH2]  (30) 

st 

idiich  is  a 1 order  reaction  in  I!KA. 

The  second  reaction  mechanism  whidi  can  reasonably  be  postulated 
Involves  the  formation  of  a long-lived  imlne  intermediate  from  whldi 


GHyiHg  - CIH2=ra  + 


HCN  is  then  formed 


CH^=KH  - H®  + 


(31) 

(32) 


Ihis  mechauiism  was  proposed  recently  by  Smith  and  Sawyer  (Ref  1?)  to 
explain  the  decomposition  of  lU-IA.  mixed  with  helium  in  a flow  reactor. 
They  found  methane,  ammonia,  nitrogen,  traces  of  hydrogen  cyanide,  and 


solid  hexamethylene-tetramine , 


, which  they  postulate 


is  produced  from  the  iraine  intermediate.  At  hij^er  temperatures  the 
imine  intermediate  breaks  down  to  form  HOT  as  shown  in  !3q  (32).  The 
experimentally  determined  rate  expression  is 


The  last  reaction  mechanism  to  be  postulated  is  as  follows: 

GH^KHg  - CHg  (3^) 

aCHg  - CH2=CH2  (35) 

There  is  some  evidence  to  show  that  this  mechanism  can  reasonably  be 
expected  to  occur,  A recent  shock  tube  study  by  Meyer  and  Wagner  (Ref  13) 
on  hydrazine  presents  evidence  for  hydrogen  transfer  as  in  Eq  (36).  This 

- NH^  + IJH  (36) 

reaction  would  lead  to  formation  of  a nltrene. 
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Shock  Tube  Studies  of  Reaction  Rates 

Shock  tubes  have  been  used  extensively  in  chemical  kinetics  (Ref  l). 
A technique  used  successfully  in  the  past  (Ref  9)  combines  the  detection 
of  infrared  emission  with  shock  tube  techniques  to  study  the  rates  of 
chemical  changes  1^  situ.  This  method  consists  of  monitoring  the 
infrared  emission  at  a very  specific  wavelength  to  determine  if  there 
is  a decrease  of  reactant  or  an  increase  of  product.  Table  I shows  the 
wavelength  of  infrared  radiation  characteristic  of  the  reactant  and 
products  which  could  conceivably  be  present  during  the  decomposition  of 
monomethylamine  (Ref  I5) . 

Table  I 

Reactant/Products  and  Infrared  Wavelengths 


Molecule 

Wavelength  (/tm) 

CH^NHg 

3.UO 

% 

6. 3-7,0 

HC3T 

7.25 

CH2=NH 

6.0 

NH^ 

2.85 

CH4 

7.7 

GH2=CH2 

5.25 

For  example,  if  there  is  an  Increase  with  time  in  emission  at 
2,85/nii,  then  ammonia,  NH^,  is  forming.  If  no  emission  were  detected 
at  5«25/ai  then  no  ethylene,  CHgSGHg,  is  forming.  Based  upon  the 
Information  thus  obtained,  a plausible  mechanism  can  be  postulated  and 
the  reaction  rate  constants  be  determined  (Ref  8). 
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Ill . Experimental 


Ihe  shock  tube  used  in  these  experiments  was  fabricated  from  3 inch  i.d. 
stainless  steel  (3330^)  tubing  with  3/8  inch  walls,  Ihe  tubing  was  shaped 
on  a mandrel  to  produce  a cross  section  at  the  reaction  end  which  had  two 
parallel,  flat  sides  with  a width  of  about  1 inch.  Ihe  flat  sides  made  it 
convenient  to  attach  instrumentation  and  the  absence  of  corners  minimized 
boundary  layer  effects,  Ihe  tube  was  23  feet  long  with  a I6  foot  driver 
eind  a 7 foot  driven  section.  The  tube  has  been  described  more  fully  else- 
where (Ref  14), 

A I5C  MMA  test  gas  mixture  was  prepared  from  KIIA  (98,055  pure)  and 
argon  (99 *995^  pure),  both  purchased  from  Ilatheson  Gas  Products,  Shock 
parameters  were  calculated  for  the  specific  gas  mixtures  from  the  initial 
shock  velocity  assuming  frozen  chemistry.  The  heat  capacities  for  KIA 
were  obtained  from  the  data  contained  in  NASA  Program  273  and  from  thermo- 
dyneunic  tables  (Ref  I6).  Ihe  total  gas  concentration  behind  the  reflected 
shock  ranged  from  15*32  to  114.7  micromoles/cc.  Ihe  temperature  range 
was  1275  "to  2400  °K  and  the  total  pressure  ranged  from  1 to  10  atmospheres, 

A total  of  200  gas  samples  were  investigated  in  the  shock  tube  and  the 
results  were  used  in  the  analysis. 

Kinetic  measurements  were  obtained  for  the  decomposition  occurring 
behind  the  reflected  shock  by  detection  of  Infrared  (IR)  emission  throu^ 
two  CaFg  windows  placed  in  the  opposing  flat  walls  of  the  shock  tube  12  mm 
from  the  end  flange  of  the  driven  section.  Ihese  windows  were  fabricated 
by  the  Industrial  Lens  Company  and  mounted  in  stainless  steel  adapters. 

The  window  surfaces  were  made  flat  to  one-half  wavelength  and  parallel 
to  ten  seconds  of  aurc.  Ihree  distinct  advantages  were  apparent  when  using 
CaFg  windows:  CaF^  is  transparent  in  the  visible  region,  permitting  visual 
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focuslTig  of  the  alignment  coil  (Ref  l^i)  on  the  pinhole j it  is  not  trans- 
parent above  0 /rra,  thereby  acting  as  a cutoff  filter;  suid  it  transmits  15?^ 
more  radiation  than  Irtran  II,  for  example,  in  the  region  of  Interest. 


te- 

f: 

N 

ri 


V.  i 


I 


ft  i 

K ) 


■t. 

^ 1 


The  IR  emission  from  the  shock  tube  was  simultaneously  monitored  by 
two  separate  optical  systeas.  A system  employing  an  Indium-antlmonide 
(inSb)  detector  was  used  to  observe  emission  in  the  range  from  1-5  /'m  and 
a system  employing  a mercury-cadmlum-telluride  (HgCdTe)  detector  was  used 
to  observe  emission  in  the  range  from  6-8  /rm. 

The  InSb  system  consisted  of  the  focusing  lens,  pinhole/filter 
assembly,  and  detector  (Fig  2),  Ihe  lens  was  made  from  CaFg  and  had  a 


Fig  2.  InSb  Optical  System 

focal  length  of  25  cm.  Ihe  InSb  detector  was  a Barnes  Engineering  type 
J-10  (liquid  nitrogen  cooled)  used  in  conjunction  with  a Perry  Associates 
Preamplifier  Itodel  Number  720, 

Ihe  HgCdTe  system  consisted  of  first-surface  gold-coated  mirrors, 
pinhole/filter  assembly,  and  detector  (Fig  3)«  Ihe  gold-coated  mirrors 
were  used  to  minimize  absorption  losses.  Ihe  HgCdTe  detector  was  a Santa 
Barbara  Research  Center  (SBRC)  Model  12?  (liquid  nitrogen  cooled)  and  was 
used  in  conjunction  with  a SBRC  Model  A120  Preamplifier. 
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Fig  3*  HgCdTe  Optical  System 


a 

The  output  signal  from  each  detector  was  fed  through  its  own  pre- 
amplifier and  then  into  the  upper  beams  of  separate  Tektronix  Type  551 
Dual-Beajn  Oscilloscopes.  These  oscilloscopes  were  triggered  by  a time- 
delayed  signal  from  a Tektronix  Type  5^9  Oscilloscope  which  was  triggered 
by  an  output  signal  from  the  heat  gauge  at  the  last  velocity  station 
(Ref  A signal  originating  from  a Tektronix  Type  180A  Time  Kark 

Generator  was  fed  Into  the  lower  beam  of  each  551  oscilloscope  for  use 
as  a calibrated  time  base.  Ihotographs  of  the  oscilloscope  traces  were 
made  with  Tektronix  Series  125  Cameras  with  Polaroid  Series  40  Camera 

a 

Backs. 

A series  of  experiments  was  run  in  whidi  a 3*375  filter  (FTOf!  of 
0.20yem),  from  Optical  Coatings  Laboratory,  was  inserted  in  the  pinhole/ 
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filter  assembly  of  the  InSb  detector  system  in  order  to  monitor  the 


decomposition  of  Mi'A.  A typical  oscillogram  of  I'JA  decomijosition  is  shoxn 
in  Fig  4. 


I 


T = 1678  °K 
F = 4,58  Atm 
Ll’G  = 33.2  /mmoles/  cc 
Horizontal  = ^0 ^cec/ 
Vertical  = 5 mv/cm 
Time  fkirks  = 10 ytsQc 


Fig  4,  Oscillogram  for  the  Decomposition  of  KA. 

(ir  Ml'A  in  Argon) 

Numerical  data  was  obtained  from  each  oscillogram  by  measuring  the 
relative  intensity  versus  time.  The  procedure  used  was  as  follows.  A 
reference  baseline,  vrhich  was  an  extension  of  the  zero  intensity  portion 
of  the  trace  obtained  prior  to  the  axrival  of  the  reflected  shock,  was 
drawn  on  the  oscillogram.  Next  a smooth  curve  was  dravrn  throu£ji  the 
trace  obtained  after  passage  of  the  reflected  shock  wave.  Ihe  in5tial 
time  was  chosen  as  the  time-mark  coincident  vfith  the  ;naximum  intensity 
of  the  oscillogram.  The  relative  intensity  was  then  measured  with  a 
traveling  microscope  and  digital  voltmeter  as  described  in  Ref  14.  A 
plot  of  the  logarithm  of  the  relative  intensity  versus  time  yielded 
a straifeiit  line,  the  negative  slope  of  idiich  was  defined  to  be 

Another  series  of  exjieriments  was  run  in  whidi  a 2.866 filter 
(F/fHtl  of  0.22  Am),  from  Optics,!  Coatings  Laboratory,  was  inserted  in  the 


pinhole/filter  assembly  of  the  InSb  detector  system  to  monitor  the 


formation  of  a;iimonia, 


A typical  oscilloji'am  is  shown  in  Fi^  5* 


T = 1635 

r = 4. hi  Atm 

U'-j  = 32 19  ^moles/cc 

Horizontal  = 100  yvsei 

Vertical  = 1 mv/cm 

Time  llarks  = 10 ^sec 


Fig  5*  Oscillogram  for  the  Formation  of  ITH, 
(1^  iu-IA  in  Argon) 


Inasmuch  as  the  emission  intensity  is  increasing  vjith  time,  a slifchi^ly 
different  method  of  data  reduction  was  used. 

The  baseline  was  drawn  through  the  zero  intensity  portion  of  the 
oscillogrami  and  a smooth  curve  was  drawn  through  the  remainder  of  the 
trace.  This  curve  was  then  extended  towards  infinity  and  a line  tangent 
to  the  curve  at  this  "infinite"  point  was  constructed  back  to  time  eiiual 
to  zero.  This  line  represented  the  maximum  intensity  for  each 

oscillogram.  The  relative  Intensity  was  then  calculated  by  use  of 
the  following  formula  (Appendix  C) 


rel 


^'max  ^measured 
I 

maix 


(37) 


where  I • , is  the  trace  intensity  at  any  tirae  between  0 and  Infinity, 

measured 

In  addition  to  the  two  series  of  tests  described,  another  series  was 
run  with  a 5-230 filter  (Fi'.'HIT  of  O.36  /'m) , from  Optical  Coatings  Labora- 
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IV . Results 


To  test  the  conpatibility  of  the  data  reduction  process  performed 
previously  (Ref  V')  and  presently,  a series  of  experiments  in  which  the 
total  bas  concentration  was  held  at  53 micromclos/cc  was  performed.  This 
data  was  numerically  reduced  as  described  previously  and  the  activation 
ener^,  S , and  frequency  factor,  A,  as  calculated  usino  a least  squares 

d> 

technique  (Ref  Ih),  were  within  one  sigma  between  researchers.  Tlie 
series  of  tests  at  = P3*73  micromoles/cc,  as  reported  by  Tchelkln 
(Ref  14),  was  numerically  reduced  again  from  the  oscillograms  and  the 
calculated  values  for  S and  A were  within  one  sigma  between  researchers. 

The  data  thus  obtained  is  also  included  in  this  thesis. 

The  Arrhenius  plots  (Log  vs  1/T)  for  the  decomposition  at  five 
different  total  gas  concentrations  are  shown  in  Fig  Ihe  curves  were 
obtained  by  a least  squares  analysis  of  the  data  (Ref  l4).  It  can  be 
noticed  that  there  is  somewhat  of  a fanning  out  of  the  curves.  This 
effect  is  expected  if  the  system  obeys  the  Hinshelwood-Lindemann  theory. 

The  reason  for  this  is  that  as  the  pressure  is  increased  the  activation 
energy  of  the  reaction  (and  therefore  the  slope  of  the  Arrhenius  plot) 
increases  until  the  high  pressure  limit  is  reached,  KotLqe  that  this  fan 
effect  is  most  pronounced  at  low  pressure  and  is  hardly  noticeable  as  the 
system  reaches  its  high  pressure  limit. 

In  addition  to  the  change  in  slope,  the  separation  between  curves 
decreases  as  the  pressure  is  Increased.  This  result  is  as  expected  with  a 
Hinshelwood-Lindemann  reaction.  At  a temperature  of  166?  °K  the  logarithmic 
difference  between  the  two  lowest  pressure  curves  is  0.19?  while  the 
logarithmic  difference  between  the  two  hipest  pressure  curves  is  0.044, 
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Fig  7.  Semi-Logsirithmic  Plots  of  vs  1/T  for  the  Decomposition  of  ITA 


These  differences  correspond  to  a total  concentration  power  dependence  of 
C.78  and  0.32  at  the  low  and  high  pressure  experimental  extremes  respec- 
tively . The  values  of  the  Arrhenius  parameters  for  ID'A  decomposition  are 
given  in  Table  II. 


15.32 

27.50 

53.04 

83.73 

114.7 

low  pressure 
hl^  pressure 


40.79  i 0.61 
41.17  ± 2.25 
44.88  ± 1.62 
47.07  ±1.46 

47.39  ±0.71 

35.14 

48.15 


9.27  ± 0.14 
9.48  ± 0.52 
10.20  ±0.37 
10.62  ±0.33 
10.70  ± 0.16 
13.50 

10.84 


Figure  8 displays  log^urlthmlc  plots  of  vs  P for  various  constauit 
temperatures.  The  data  for  these  plots  was  obtained  from  the  Arrhenius 
parauneters  in  Table  II.  As  shown  in  Section  II  at  the  hi^  pressure 
limit  in  the  Hinshelwood-Lindemann  mechanism  the  theoretical  variation  of 
with  concentration,  or  from  the  ideal  gas  law,  pressure,  is  equal  to 
zero.  It  is  evident  that  the  experimental  variation  of  with  concen- 

tration is  approaching  this  zero  limit.  At  the  low  pressure  limit  the 
Hinshelwood-Lindemann  mechanism  predicts  a linear  dependence  of  on 

concentration.  It  can  be  seen  from  Fig  8,  that  as  the  temperature  increases 
the  slopes  of  the  lines  approach,  but  do  not  reach,  one.  Ihis  indicates 
that  the  experimental  observations  were  made  in  the  intermediate  to  hi^Ji 
pressure  regime.  The  low  pressure  regime  was  beyond  conditions  that 
could  be  attained  in  the  present  experiment.  By  use  of  the  data  points 
from  this  figure,  the  values  of  the  Arrhenius  parameters,  shown  in  Table  II, 
for  'Uie  high  pressure  regime  and  for  the  lowest  experimental  pressure  were 
calculated . 
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i j 

iFlg  8.  Logarithmic  Plots  of  vs  P (atm)  at  Various  Constant 

Temperatures. 

I The  activation  energy,  E , at  low  pressure  is  13.01  kcal/mole  less 

Ci 


than  E at  hi^  pressure.  This  corresponds  to  a decrease  of  about  4RT  in 

oL 


the  temperature  range  under  consideration.  This  decrease  is  not  as  expected 
ftora  the  simple  Hinshelwood-Lindemann  theory.  According  to  this  theory  the 
difference  between  hi^  eind  low  pressiure  activation  energies  is 

E - E^  = (S-l)RT  (37) 

whore  S is  a number  usually  taken  to  be  2/3  the  number  of  vibrational 

2 

fundamentals,  vrtiich  for  MKA  is  ^(15)  or  10.  Thus  an  activation  energy 
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difference  of  about  27  kcal  is  expected  between  the  high  2uid  low  pressure 
re^iioes.  The  conclusion  from  this  discussion  is  that  the  low  pressiare 
regime  has  not  been  reached  xmder  the  experimental  conditions  used.  For 
a molecule  such  as  HI'A  with  7 atoms  this  is  not  an  unexpected  result.  The 
low  pressure  regime  for  such  polyatomic  molecules  may  not  occur  before  the 
pressure  is  well  below  atmospheric  (Ref  21:138), 

The  ArAenius  plots  for  the  formation  of  at  different  total  gas 
concentrations  are  shown  in  Pig  9.  The  best  fit  lines  obtained  by  a least 

«.  H < 21.60  ntCttOflOL/CC 


FIs  9*  Semi-Logarithmic  Plots  of  k 


vs  1/T  for  the  Formation  of  NH- 


sqiiares  fit,  are  seen  to  fan  out  similarly  to  those  of  I-Q'A.  The  values 
of  the  Arrhenius  parameters  for  the  formation  of  ammonia  are  presented  in 
Table  III, 


!■* 
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Table  III 


Arrhenius  Parameters  for  Ammonia  Formation 


Dll  (micromoles/cc) 


5a  (kcal/mole)  I>og  A (ce/mole  seel 


27.50 


40,75  - 1.49 


9.28  ± O.3A 


53.04 


83.73 


44.55  i 2.09 
46.ii8  ± 1.75 


9.87  ± 0.47 


10.37  ± 0.39 


The  Arrhenius  plots  for  both  MKA  decomposition  auid  NH^  formation  for 
different  total  gam  concentrations  are  shown  in  Figures  10,  11,  and  12, 
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V,  Discussion 


The  experimental  results  need  to  be  discussed  in  the  li^t  of  the 
reasonable  medianisms  postulated  in  Section  II,  This  discussion  is  an 
attempt  to  decide  if  one  of  the  mechanisms  is  dominant  and  if  so,  which  one. 
A relationship  between  IIMA  ajid  ammonia,  one  of  the  products,  needs  to 


be  established.  From  Appendix  C 


k* 


>here  k is  the  rate  constant  for  M^A  decomposition  and  k'  is  the  rate 
constant  for  NH^  formation.  When  the  values  for  k and  k*  from  Tables  II 
and  III  for  = 27.05,  53 *0^1  and  83, ?3  micromoles/cc  are  substituted 
into  Eq  (38),  the  values  for  cc  of  1.58,  2.13,  and  1.78  respectively  are 
obtained.  If  the  approximate  value  of  = 2 is  substituted  into  Eq  (39) 
(from  Appendix  C),  then  Eq  (40)  is  obtained, 

1^1^33  = k’CCHyiHg]  = ^GH^KHg]  (3? 

^NH33  = (4C 

When  this  experimental  result  is  compared  with  Eq  (4l)  which  was 
obtained  from  Appendix  D 

dClIH^]  = k,[CH«KH,]  (41 

the  similarity  is  readily  apparent.  In  this  case  k = 2k^,  which  is  the 
result  obtained  for  the  derived  rate  constant  for  the  postulated  reaction 
mechanism  in  Appendix  B.  The  conclusion  is  that  la^A  decomposes  at  twice 
the  rate  at  which  KH^  is  formed. 

In  a prior  report  (Ref  14)  it  was  established  that  the  reaction  is 
first  order  in  MMA  concentration.  The  present  results  show  that  the 
power  dependence  on  total  gas  concentration  varies  from  0,32  to  O.78. 

These  two  results  are  strong  evidence  to  eliminate  two  of  the  three 


postulated  radical  chain  mechanisias,  Ihe  model  proposed  by  Hidaka,  et  al. 
(Ref  12)  which  is  a 3/2  order  reaction,  is  not  supported  by  the  established 
first  order  dependence  althoutJi  2 and  A are  comparable.  This  first 

cl 

order  dependence  also  does  not  support  the  ethane  analotjous  reaction 
whidi  is  a combination  of  first  and  second  orders.  Additional  evidence 
to  indicate  the  dominance  of  the  third  postulated  radical  chain  mechanism, 


if  indeed  a radical  chain  does  occur,  follows. 


Table  IV 


Heats  of  Formation  for  Selected  Compounds 


Compound 


(kcal/mole 


-17,889 


CH^-CH^ 
GH2=CH2 
CH  CH 


-20,236 

12,496 

54,194 


-11,4 


CH3NH2 

GH3NH 

CH2=IIH 


9,02* 


♦Appendix  S 


Ref  5 


The  following  heats  of  reaction  were  calculated  for  several  of  the 
postulated  reaction  steps  using  the  values  in  Table  IV, 


(T)  C2I_NH  - CK,=NH  + H 

-/  ^ 

AH^  = 9.02  + 52.104  - (45.4) 

= + 15.724  kcal/mole 

The  positive  sign  indicates  endotherniicity,  which  means  that  energy  would 
have  to  be  added  for  the  step  to  take  place. 

(D  CHyiK  + CH^  - + CK2=NH 

= -17.889  + 9.02  - (45.4  + 34.0) 

= -88.269  kcal/mole 

The  negative  sign  indicates  exothermlcity , which  means  that  energy  is 
given  off  and  the  reaction  would  occur  spontaneously. 

@ CH^H  + KHg  • NH^  + CH2=1{H 

= -11.4  + 9.02  - (45.4  + 47.2) 

= “94.98  kcal/mole 

Here  again  the  negative  sign  indicates  exothermlcity  and  spontaneity. 

Since  reactions  @ and  (2)  are  hi^ly  exothermic  and  reaction  0 is 
endothermic,  reactions  and  Q)  would  be  strongly  favored  ever  reaction 
0 . This  result  would  tend  to  eliminate  the  ethane  analogous  decompo- 
sition of  HKA  from  consideration. 

At  this  point  it  should  be  noted  that  CH2NH2  and  GH^KH  have  been  used 
Interchangeably.  This  is  due  to  the  fact  that  the  activation  energies 
for  their  formation  are  8.7  and  5,7  kcal/mole  respectively  (Ref  lO). 

There  would  therefore  be  no  noticeable  preference  for  the  formation  of 
one  over  the  other.  Another  point  in  favor  of  the  interchangeability  is 
that  the  bond  strengths  of  G-H  and  N-K  in  GH2KH2  are  97  (Hef  12)  and  92 
(Ref  5)  kcal/mole  respectively. 

Regarding  the  three-center  and  four-center  pathways  as  shown  in 
Fig  1,  the  following  information  needs  to  be  considered.  Ihe  experi- 
mentally determined  rate  of  formation  of  ammonia 
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dQjH_]  = - 1 d[2i.:^i-]  (42) 

dt  2 dt 

would  preclude  the  hydroj^en  transfer  mechanism  as  in  Eq  (23)*  the  tliree- 
center  pathway,  since  that  mechanism  would  require  a rate  of  formation 
of  ammonia  of  Sq.  (43) 

^HK  ] = - ] (43) 

dt  dt  ^ 


Also,  the  odor  of  cyanide,  which  is  not  formed  in  the  hydrogen  transfer 
reaction,  was  very  noticeable  when  the  shock  tube  diaphragms  were  changed 
between  shots. 

The  four-center  mechanism  in  Fig  1 (Equations  20-2l)  involves  the 
formation  of  a long-lived  imine  and  would  give  as  products  only  hydrogen 
and  hydrogen  cyanide.  Since  ammonia  is  formed  in  the  present  experiment  as 
evidenced  by  the  IR  emission  at  2.886  /rm  (Ref  I5)  and  preliminary  evidence 
from  gas  chromatographic  analysis  indicates  the  presence  of  substantial 
quantities  of  methane,  this  mechanism  cannot  be  the  dominant  one  for  the 
decomposition  of  1'2'IA,  The  experimental  rate  expression  (Ref  1?) 


-dCCM-NHg]  = kLcH-KHg]* 

dt 
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(22) 


differs  substantially  from  the  present  results,  since  different  experi- 
mental conditions  were  employed  and  Eq  (22)  applies  to  the  entire  reaction 
scheme.  The  present  experiment  deals  with  only  the  first  few  reaction 
steps  and  no  valid  comparison  caji  be  made  between  the  two  rate  expressions. 

A final  consideration  is  pertinent.  Since  the  high  pressure  activation 
energy  in  the  present  case  is  substantially  lower  than  the  estimated  79 
kcal/mole  C-N  bond  strength  in  WIA  (Ref  5)  and  all  other  pathways  having 
been  eliminated,  then  it  must  be  taken  that  a radical  chain  mechanism  is 
operating.  The  first  step  in  this  radical  chain  is  postulated  to  be  CSr 
bond  scissure  and  the  mechanism  described  by  Equations  24  through  29  is 
taken  to  be  the  dominant  one  for  the  decomposition  of  IBIA. 
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Attempts  were  made  to  monitor  the  IH  emission  at  7.6,  7.3,  and  5.23  ^ 
with  the  HfaCdTe  detector.  Although  satisfactory  optical  alignment  was  made 
on  the  HgCdXe  optical  system  using  a glowing  coil  (Ref  14),  no  useahle 
oscillograms  were  obtained  during  a test.  The  signal  to  noise  (S/u) 


o 

ratio  for  the  HgldTe  detector  is  3x10^  which  compares  favorably  with  the 


3/11  ratio  for  the  InSb  detector  of  4x10^.  The  detectivity,  for  the 

HgCdTe  detector  is  8x10^  cmHz^/watt,  whereas  D*  for  the  InSb  detector  is 
Q 4 , 

24x10'  cmHz'ywatt.  This  means  that  the  HgOdTe  detector  is  I/3  as  sensitive 
as  the  InSb  detector.  The  maximum  oscilloscope  trace  value  was  3 mv  for 
any  given  shot  when  detected  by  the  InSb  detector.  According  to  the 
specifications  supplied  by  S3RG,  the  noise  level  of  the  HgCdTe  detector 
is  6 mv.  Therefore  any  expected  signal  from  the  HgCdTe  detector  during 
a test  would  be  completely  masked  by  the  noise.  Until  a more  sensitive 
detector  system  is  obtained,  IH  observations  of  this  particular  reaction 
will  be  severely  limited  at  wavelengths  longer  than  5*5  microns. 


VI . Conclusions 


As  a result  of  this  study  the  followinfa  conclusicns  are  drawn; 

1,  The  hit^-pressure  Arrhenius  equation  was  determined  to  be 

uni(T^oo) 

2,  The  decomposition  of  HA  is  unimolecular  and  the  Kinshelwood- 
Lindenann  model  is  an  adequate  representation. 

3,  Ammonia  and  methane  are  formed  as  products  in  the  decomposition 
of  monomethylamine . 

4,  The  rate  of  disappearance  of  IIA  is  twice  the  rate  of  formation 
of  ammonia 

dCNH^]  = - 1 
dt  2 dt 

5,  The  dominant  reaction  pathway  is  taken  to  be  CN  bond  scissure 
followed  by  the  radical  chain  medianism  as  described  by  Equations  24 

throu^  29. 
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VII.  Heconuneridations 

The  following  recommendations  are  made  to  determine  more  precisely 
the  mechanism  by  which  monomethylamine  decomposes  and  also  to  present 
further  areas  of  interest  which  should  be  explored, 

1,  Single-pulse  shock  tube  studies  in  conjunction  with  vapor 
pJiase  chromatography  should  be  completed  on  l-"'A  decomposition  to  deter- 
mine the  product  composition. 

2,  A detector/preamplifier  system  should  be  obtained  to  provide  a 
S/ii  ratio  of  3x10^  and  D*  of  24x10^  or  better  for  the  study  of  the 
decomposition  of  M'A  in  the  IR  region  above  5*5  microns. 

3,  Shock  tube  studies  should  be  begun  on  the  decomposition  of  MA 
in  an  oxygen/argon  mixture  with  an  appropriate  product  analysis  to 
determine  the  reaction  mechanism  by  which  110^  pollutants  are  formed. 
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The  postulated  reaction  steps  are 

- GK^  + i:h^ 

CH^  + - GK^  + 

GH2-H2  - GIl2=NK  + H 
H + GH^irH2  - H2  + 

K + Gi:^  - GI'I^ 

The  rate  equations  for  this  nechanism  are 

-d[GH^irH2]  = k^LGH^irii2]  + k2[GH^NK2XGiI^]  + k^CGH2l.Tl2XH] 
dx 

= k^[GHyrH2]  - k2[GI{^im2XGH^]  - k^OT^XH] 

d[H]  = k^[GH^MH2]  - k^  Ch][GH^1IH23  - k^[CH^lH] 
d"t 

|[GH2ira2^  = k2[GH^ICH^lIH2]  - k^CGK2Wl2]  + kj^[HXCH3>:H2] 

Assumine  "the  steady  state  approximation  for  Eq  (?)  yields  Eq  (lO) 
k^[CH3lIH2]  = k2[CH3][GK^NH2]  + k^[.GH^XH] 

Solving  Eq  (lO)  for  yields  Eq  (ll) 

£2H  1 = k^CCH^Hrlg] 

k2LCHyIH2J  + k^LH.J 

Subtracting  Eq  (8)  from  Eq  (?)  yields  Eq  (12) 

k^[CH3lIH2]  - k3[CH2KH2]  - k2CCH^XCH3lSi2^  + k4[HXCH3KH2]  = 0 
Solving  Eq  (12)  for  CC!H2iiH23  yields  Eq  (I3) 

[oHjiap  = 

Assuming  the  steady  state  approximation  for  Eq  (9)  yields  Eq  (l4) 
= k2CGH3XCH3kT{2]  + k^[HXCHy.-K2] 

Solving  Eq  (l4)  for  [GH2KH2]  yields  Eq  (I5) 


[oKjiaj:  = 
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Equatlnt,  Eq  (I3)  and  Zq  (I5)  yields  3q  (I6) 
ki  - + \[k2  = + k^Qi] 

Solvins  !Dq  (I6)  for  £*^02  yields  3q  (l?) 


:q  (17)  yields  Eq  (l8) 


3quatin, 


Solving  Eq  (l8)  for  Qll  yields  Eq  (I9) 


Sulsstitutlng  Eq  (19)  and  Eq  (l?)  into  Eq  (6)  yields  Eq  (20) 


Collecting  like  terms  yields  Eq  (2l) 


ihe  proposed  reaction  steps  are 

* C5I^  + ini^  ( 

cii^  + ( 

IJHg  + • 1^3  + CII^irH,  ( 

iiHg  +.  ffl2irii2  - in-:^  + c5-:2=:rn'  ( 

CH2=NH  - H2  + HQi  ( 

Ihe  rate  equations  for  this  reaction  are 

-|CGHy;il2]  = J^i[®3lIK2  + ■*■  ^i|CNH2lCH^::H2]  ( 

|CCH^]  = k^[CHy:H2]  - k2CGH^lIH2XCH^]  - k^LcH2XCK2i:K2]  ( 

ID1H2]  = - k^Cra2XGHyr.l2]  - k^MH2XCH2lIH2]  ( 

^CH2!IH23  = k2CCH^XCK3MH2]  - k^i;CH^X®2^?H2]  + k^[j;K2X '213^2- 

- k^!;H2XCK2!TK2]  (l 

Assuming  the  steady  state  approximation  for  Eq  (lO)  yields  Eq  (ll) 
[CH2im2](k^[CH3]  + kpIH2])  = CCH^lIH2](k2[:CH3]  + k^^ClIHg])  (l 

Solving  Eq  (ll)  for  CCK2IIH23  yields  Bq  (12) 

I^®2^2^  = 1:^3^^23^Lch^J  ^ k3Lri2j)  ' 

Assuming  the  steady  state  approximation  for  Eq  (8)  yields  Eq  (I3) 

(kj^  - = k^[CH3X®2^-’H2]  (1: 

Solving  Eq  (13)  for  CCH2*^2^  substituting  into  Eq  (12)  yields  Bq  (l4) 


tk  L' T J ^ \ 


Solving  Eq  (l4)  for  k^  yields  Eq  (I5) 

k,  = [diJik,  + kJrWs-rirTTr?^i( 


1 ru  ' 


-M 


N 


r: 


Assuming  the  steady  state  approxiraation  for  !3q  (?)  yields  Eq  (l6) 

(k^  - ki^[i:K2])[cKy:H2]  = kp:H2lCii2i:H2] 

Solving  Eq  (l6)  for  substituting  into  Eq  (IS)  yields  Eq  (1?) 

k^LSHyrug]  - ^ k^t::K2J/  ° 

Solviiit,  Eq  (17)  for  k^  yields  Sq  (l8) 

( /k  [GH.]  + ]\) 

ki  = + ^5\k  1 GH3J  + k Li:H2jj) 


3"'  5 2 

Setting  Eq  (I5)  equal  to  Eq  (18)  yields  Eq  (I9) 


[CH^] 


(2  ^‘3  ^LGH^J  + k^LlJH2J  I) 


- DMj] 


f 


Ebcpeuiding  Sq  (I9)  and  cancelling  like  terms  yields  Eq  (20) 


[NH2]  = vhcre  /»  = 


.k,.k 


3"  ' 

Substituting  Eq  (20)  for  LEH2I  into  Eq  (I5)  and  solving  for  CCH^]]  yields 
Eq  (21) 

k-k  + k^k-^ 

r CH  *1  = ^2  ^ ■■— 

>-'^33  2k2k^  + k2k^  + k^k^ 

Substituting  Eq  (2l)  into  Eq  (20 ) yields  Eq  (22) 

r,m  1 \, 

Substituting  Eq  (2l)  and  Eq  (22)  into  Eq  (?)  yields  Eq  (23) 


ft 

LGH3KH2J 

Elxpanding  Eq  (23)  and  collecting  terms  yields  Sq  {Zk) 

^ 2k.[CH_NH„] 
dt  ^ 


(16) 


(17) 


(IP) 


(k2[GH.]  + k,.[i:H2]\] 

’ ’'5lAEH?TTirD«6 


(20) 


(21) 


(22) 


r.Ab.:±iV.—\ . .J ...  ¥3/  ^^.4^  (33) 

1 '^2\2k2k^  + k2ky  + k^kjj^j  V\2k^k^  + k2k^  + ^Vjj  ^ 


(24) 


t 
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The  generalized  rate  equations  are 

= ktCK  'rrl-] 

dt 

dili:H  ] = k'Lai  'iHlJ 
dt 

The  concentration  of  at  any  time  t is  given  by  Eq  (3) 
LCH^^rng]  = Lai3‘-H2]i  - ‘<LtK^] 
where  of  is  a proportionality  constant. 

Substituting  3q  (3)  into  Eq  (2)  yields  Sq  (4) 

|L:n^]  = k'CLcH^KH^]^  - «Li:h3]) 

Dividing  both  sides  of  Sq  (U)  by  yields  Sq  (5) 

/ o([KH-3  \ 

= k'^1  - LcHyiKgJ^j 

Setting  [CH^NHglj^  = «CkK^]^,  Sq  (5)  becomes  Eq  (6) 

Rearranging  Eq  (6)  yields  Eq  (?) 

DmJ 

dt  ^ •-‘•“3-Jf  \ 

Since  the  intensity  of  emission  is  directly  proportional  to  the 

concentration  (Ref  8) 

[NH-] 


1 ! CkH.]  \ 

- lEik) 


^max  ^measured 


rel 


3-‘f/  'max 

Substituting  Eq  (3)  into  Eq  (l)  yields  Eq  (8) 


(1) 

(2) 

(3) 


(4) 


(5) 


(6) 


(?) 


Dividing  both  side: 


(8) 

(9) 


Setting  i 'Sq  (9)  becomes  Sq  (lO) 

r -,  1 ( \ 

-dLSiioi-iLDp?"  -I  = k 1 - -^-t=7-V 

-leaxranbixiti  2q  (lO)  yields  3q  (ll) 

- 1 / LkllJ  \ 


- -,  1 / Li'lIoJ 

•:^CH  I.-H  1- / I = k 1 - rryA 

dt  ^ ^ \ Li-h  J 


dt  ^ •-  3 \ J 

Equatiii^'  Eq  (ll)  and  Eq  (7)  yields  Eq  (l2) 


/ [nu]  \ 

\ ■ IHfe)  = 


[nhJ 


Cancelling  like  terms  yields  Eq  (13) 


Using  the  equations  from  Appendix  3,  the  'derivation  of  the  rate 
equation  for  the  formation  of  follov/s.  "lie  equations  from  Appendix  3 
will  he  designated  by  an  asterisk  (*). 


llio  rate  equation  for  the  foriTiatlon  of  is 

Cubstituting  Sq  (12’")  into  Sq  (l)  yields  Sq  (2) 

(k  [^riK  j + k d[,CH  3\ 

Substituting  Rq  (20*)  into  Eq  (2)  yields  Eq  (3) 

/k  [CH  ] + k^,dL2K^]\ 

. V'^®3Xs3'«2:i(in^;fTTT3ai*j  ^3) 


dt 

Collecting  like  terms  yields  Eq  (4) 

Substituting  Eq  (21*)  into  Eq  (4)  yields  Eq  (5) 

Expanding  Eq  (5)  and  cancelling  like  terms  yields  Eq  (6) 

dDW.]  = kXCHJli_] 
dt  ^ J ^ 

Restating  Sq  (24*)  yields  Sq  (?) 

-1  = k 

2 dt 

Equating  Eq  (6)  and  Sq  (7)  yields  Eq  (8) 

= -1  ^ci-iyrri^] 


(1) 


(2) 


(5) 


(6) 


(7) 


(8) 
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APPENDIX  F 

EXPERimiTAL  DATA 


I 

f 

i 


-j 

j 

i ' 

' i 
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1/T  V>  K IINI  M = 15.32  MICROMOL/CC 

MMA  O'COH^’OSITIDN 


total  root  mf'.h  sC'JARF  RE‘;I0UE=  .1532908E-01 
BEST  POLYH  0«^  ^"GPEE  IFO®  , IGOATA  PTS  19 

OnEF'‘ICTF‘JT  POWER  OF  X 

LOG  Y s .9?f>61«.<H>0'^''  + 01  0 

-.89131??orir+04  1 

rOPPELlTIO’'!  rOE*^- ICir-NT  = -.933 

TEMP  I;OG  K UNI 


.19tl000F<-3A  .3O3F0C0F  + C1 

.ISP'^OTOF  + OU  . 366600nE+01 

.13ftA0T0F+3A  .3615000P>C1 

.ISfliOTOF  + OL  . 3-4  35  OOOE ♦•01 

.18S3000*^<-0'»  . 3515  OflOP^-Ol 

. i38’no':<-i'*A  . 3'»o<»ooop<-Pi 

. 1353n00‘^*0A  .29590(’CF<-G1 

.13U3000E*0U  .23U3000E+01 

.IflfcGOOOFtOi*  .279500Cr*Cl 

.l^AllOOF  + nO  .2414000F«-01 

.1B33000E404  .2?25000‘^*01 

.1935000F+04  . 2459 OOQF+Ol 

.182903C'’4-04  . 24430P0'^  + 01 

.192'’C30r<-04  .2390000E  + 01 

.191''030F*n4  . 2335000F  + C1 

. ITPEOOOF  + OG  .20Y5000''<-01 


1/T  K 'INI 
MHA  n-C OVIPOSIT! ON 


M = 27. SO  MICROMOL/CC 


T')T4L  ROOT  mfmi  SOUARE  RFSIOU'^s 
BFST  POLYN  OP  TOREP  IPOR  « IPOATA  pTS  IS 

r.OFFPTC^PNT  POWER  OP  X 

LOG  V = .RA80^0r.7 -P'^  + 01  0 

-.8O064''?032P»C4  1 

CORRPLMION  SOPEEICI'Tr  = -.995 


,c;474«;ttqc.oi 


TEMP 


LOG  K UNI 


.18P.1000P^04 
.IHPPOOCP^SA 
. 19'>4ni)  OF  + 74 
.13i*^000E*0<* 
.l’5P090E7lfc 
.1T49000E*S<» 
. 1740m0P  + 04 
.1737010p  + ''4 
. 170303CP  + ni* 
,lP»«7010P4-04 
. 1579000r<-34 
.15'51030P*0<. 
. 1499000P*n4 
.lUSAOOOP+OA 
.i‘-54o:op«-''4 
.ItS^OlOE+OU 
. 1445030P+04 
.1475000E+04 


.7499000P+01 
. 7T39  000F^fil 
.7993000Ff01 
.4539  OOCFtCl 
.249500CP+C1 
.2"'ll  OOCE+Ol 
. 197'»000P7D1 
. 2211 OOPP+Pl 
.13333CCP+C1 
.14150005+01 
.G4'i4  000=’  + 00 
.54800005+00 
. 2877  000'^+00 
.2-790005+00 
. 1507  0005  + 00 
.lp>340nnrf00 
.20070005+00 
.13390005+00 


1/T  7=?  K 

HMA  nrCOMPOSITION 


M 


53.04  MIC<?OMOL/Cr 


BEST  POLY'J  O'- 
LOR 


TOTSL  root  sOl-lfleJE  RpSIOIIE=  . OE-0  1 

o':G'’r'^  irop  • ?roATH  ots  is 

COFFPTCIF’JT  POWF'?  OF  X 

Y = .10?014'f.1’"*0’  0 

-.980794Pl'=f.P^04  1 

CO'*PFL'VTIOH  COFFFirT'-flT  = -.993 


TEMP 


LOG  K UNI 


.17590!10r^34 

.ITTSOOOF*'?'* 
.1R7<«500‘'^0'- 
.16R9FOOF4.04 
.16f.4005P»9<* 
.l»>'>30T0*’  + 04 
.l»i'»0»)0CF«'P‘‘ 
.1614010P+P4 
.IRGOOOOF+Ot 
. 1‘>R-’00  0'-*0  4 
.i54Fmor+o4 
.15?4POCF*04 
.ISl^OOOEtOt 
.isiAOOOPni- 

.1517000E+P4 

.i5noior*oi* 

.14c»90')0F4r'4 

.iA7ioooE*n4 

.14n’P10F*l54 


.A?29000F*01 
.3<-47000E*C1 
.319fl!)3T=:  + Cl 
. 198300P-»ri 
. ?2933flOF+fl 
. ?3470.70F*01 
. n3oooo'-*oi 
.I"!’!  ooni'fol 
.1343  3C0F  + C1 
.94SS0C0F*3O 
.«9?5  000^»3(t 
.6'''59  0 0C'‘*?P 
.F6?‘.0:0Fi-P0 
.5799000F4-0C 
.59703C0P*f 0 
.5R5COOOF«-On 
.t614  30eF<"30 
.Uh«>i.000F«-00 
.3?6i*00CF*0C 
.14?9000p*0r 
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..  .. 


1 


i 


i 

i 

j 

3 


J 


1/T  V>  K IIMI 
HMA  O^COMPOSITIOH 


M s 114.7  *1ICROMOL/CC 


total  POOT  MrAH  SOUAR'^  R«:SnUF’= 

BEST  POLYM  OP  0~GRpp  l^OR',  IT^ATA  “TS  IS 

COEPe-iriFUT  POWER  OF  X 

LOG  Y s .1  0704Pl.ur.lf ♦02  0 

-.1 0S5?4641pf +05  1 

CORRELATION  COFFFiciffJT  = -.993 


.14‘iPl54E-01 


TBMP 


I/)G  K ONI 


.lG7fl030F»04 
.1519030E+fu 
.1';14010F  + 04 
. 14Ofi0>)0F«-04 
.145'’03Cr  + nL 
. lu5tOOOE»04 

. luLlOTOr  + ni, 
.147f 010E*04 
.lAISODCF  + O*. 
. 141Gl)n0f  + 04 
.1413000F+04 
.14070')0F+04 
.ILObOOCE^CA 


. 1299000E*01 
.7821 OOOE+CC 
.7'558000F»Ot' 
.EOSOOCOE^-OO 
.7943000f+0D 
.3872000E+30 
.7?70  000''+00 
.?19S(JC0P*0O 
.2P6f.  000E*CC 
. ?4230C0F«-0n 
.23S90'’0Pt')0 
.2378000E*30 
. 1997  OCOF4-00 
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1/T  v;  K 'JNI  H = 27.50  “^irROHOL/CC 

fcMHONTA  FORMATION 


TOTAL  ROOT  HF*.H  SO'JARE  RE5inUF  = 
BEST  OOLTN  OP  rfOPEE  IFOR  , 120 ATA  PTS  IS 

CGFPFirtFNT  POWER  OF 

LOG  Y = ,9  27r>»»*>2»  ’OP^01  0 

-.9905r270tC':t04  1 

CORRELATION  COEPpICITUT  = -.081* 


.^657132E-01 

X 


.l^OeOTOF^Oif 

.196AO')OF*'’A 

.18T5000P*04 
. 19TfcOOOF+OA 
.1760000^+04 
.1740C30r*Oi. 
.IT’^nooP+OU 
.I^IOOOOE+OA 
.1703010F+n4 
.170TOOOE+T4 
. 168fi000F+04 


LOG  K UNI 


.4160  OCQP  + Ol 
.32200CCF+C1 
..T140  000P  + 01 
.2570000^+0! 
.2'«00  000‘^  + 01 
.laoooccE+oi 

.1700000^+01 
.1400  900P  + ''l 
. 1060  OOOE  + Ol 
.11200COE+P1 

.iiooocoF+n 

.1C70000P+01 
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1/T  \r;  K urn 


M a 5S.04  MrC90M0L/Cr 


.1770m0»'^l34 

.16?flP50E*04 
.l'i'56000F4.0i. 
. if.7"p:5or*n4 
.l<>750?9r*')4 
.lti'i90D0r«'14 
.15fi«0'iPF+04 
.ir>»;R000r*n4 
. i»i7';noop«-o4 
.161‘'nD0F4.-)4 
.16170T0P*n4 
.1^0’0‘)0*-*04 
.15‘??03!JP*0i‘ 
.15T5010F*34 
. 1S*;4(!00«=’*04 
.1551 000F^04 
,1474030F*04 


.?20400'J'»01 
.i6n5a.?oF*oi 
.1170  003'^«’01 
.i:=«50000r*-01 
. llOOOOO'^fOl 
.i!’oooor+oi 
. l^Ot^OCOCt-Cl 
.5'320000F*30 
.137C000F+01 
.9400  OOO'^^'IO 
.8250  0 OOF  + 00 
.790000P'^«-00 
.5160300- *30 
.4570  3C3‘’«-C0 
.47aCOCOF*30 
.45500!)0=‘*30 
.3‘’20  000'"«-00 
.1380300F^00 


1/T  V'  K UNI 
AMMONIA  FORMATION 


M s 63.73  MICROMOL/CO 


TOTAL  ROOT  MFAN  SQUARE  RPSIOUFs 
PEST  POLYM  OF  O^GRE*"  1 PPR  , ITOATA  PTS  13 

COEP=‘ICIFNT 

LOG  V r .103r2010"OE»02 

-.10153«fO519«‘*05 

CORR'^LATION  COEFFICirMT  = -.990 


.Sr-SPllAP-Ol 


POWER  OF  X 
0 
1 


TEMP 


. 1693000P  + 0'» 
.16360P0F  + 0i* 
.IGfePQOOP  + Oi. 
. IGFOOrtOE  + OA 
.1GF2000'-  + OA 
. lEATOoOF+0 A 
.i5Brooor+04 
.IST-^nAOE  + Qt 
. i97T00nF+Q4 

.196O0f!0f  + 0(. 

. 1937  0 10  E*  O'* 

.1594009F4.0U 

.154O000E4-04 

.ISlFOOOFfOA 

.1501000F*04 
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John  C.  Wert  III  was  born  in  Jersey  City,  New  Jersey  on  20  Dec  19^12. 

He  epraduated  fron  hibli  sdxool  in  Hockaway,  New  Jersey  in  and  enlisted 

in  the  Air  Force.  After  four  years  of  active  duty,  he  remained  in  the  Air 

Force  Heserve  and  attended  the  University  of  North  Carolina-Asheville.  Ke 

i-ecc.ived  the  doijree  of  Bachelor  of  Arts  in  Chemistry  and  Physics  in  19^*^. 

After  t;raduation  he  entered  Air  Force  Officer  Trainins  School  and  was 

commissioned  in  December  1959«  He  served  as  a Deputy  I'issile  Combat  Crew 

s t 

Commander  in  the  571  Strategic  I issile  Squadron  and  as  a I'issile  Combat 

Grew  Commander  in  the  570^  Strateeic  I'issile  Squadron,  Davis -I'onthan  AFB, 

til 

Arizona.  He  then  served  as  a hissile  Naintenance  Officer  with  the  390^ 
I’issile  i aintenance  Squadron  at  Davis-I.onthan  AFB  until  enterinfi  the 
School  of  ICii^ineerln^,  Air  Force  Institute  of  Technology , in  Nay  1975* 
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teaperature  rant>e  was  1?75  to  ?400  and  the  total  pressure  rano^d  from 
1 to  10  atmospiieres.  Tae  values  for  the  Arrhenius  paraiiioters  for  the 
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moncmethylamine  decomposition.  Hie  most  prooable  z'eactlon  mechanism  was 
determined  to  he  0-1'  bond  scissure  followed  by  a radical  chain  to  produce 
asuionla,  methane,  hydrot>en  cyanide,  and  hydrogen. 
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